Abstract. Presented paper focuses on spraying of two viscous liquids (ȝ = 60 and 143 mPa·s) by two types of twinfluid atomizers with internal mixing. We compared the well-known Y-jet atomizer with the less known, "outside in liquid" (OIL), configuration of the effervescent atomizer. The required liquid viscosity was achieved by using the water-maltodextrin solutions of different concentrations. Both the liquids were sprayed at two gas inlet pressures (ǻp = 0.14 and 0.28 MPa) and various gas-to-liquid ratios (GLR = 2.5%, 5%, 10% and 20%). The comparison was focused on four characteristics: liquid flow-rate (for the same working regimes, defined by ǻp and GLR), internal flow regimes, Weber numbers of a liquid breakup (We) and droplet sizes. A high-speed camera and Malvern Spraytec laser diffraction system were used to obtain necessary experimental data. Comparing the results of our experiments, we can state that for both the liquids the OIL atomizer reached higher liquid flow-rates at corresponding working regimes, it was typical by annular internal flow and higher We in the near-nozzle region at all the working regimes. As a result, it produced considerably smaller droplets than the second tested atomizing device, especially for GLR < 10%.
Introduction
Twin-fluid atomizers can be found in various industrial applications such as internal combustion and gas turbine engines [1] , process industry [2] , spray coating [3] , fire suppression [4] or food process engineering and spray drying [5] .
They are favored for their capability to process highviscous liquids such as heavy fuels [6] or suspensions used in food processing industry. These atomizers also provide easy control of the individual spray parameters with lower atomizing gas consumption and lower input pressures than their externally mixed counterparts.
In this paper, we decided to provide a comparison of the Y-jet atomizer and OIL atomizer as the reaction to the lack of available systematic atomizers comparisons. Selected spraying devices differ in the design of their internal parts and mixing principles. Our aim was to investigate differences in the internal and external flows for spraying liquids of different viscosity under the same working parameters.
Experiment
Our experiments were performed on cold test bench equipped with eccentric screw pump at constant rotation speed used to drive the liquid into the atomizer. The liquid mass flow was controlled by a valve in bypass line. The atomizing gas (air) was provided by a house supply, and its pressure was controlled by pressure relief valve.
This regulation was independent on the air mass flow. The test rig was also equipped with sensors and data acquisition system for measurements of flow parameters. All the experiments were performed at the room temperature.
The atomizers were operated under two input pressures of air (ǻp = 0.14 and 0.28 MPa) and four ratios of gas and liquid mass flows (GLR = 2.5, 5, 10 and 20%).
The required liquid viscosity was achieved by using water-maltodextrin solutions of different concentrations ( Table 1) .
The high-speed camera (Olympus i-speed2) equipped with PENTAX TV lens (50 mm, f1:1.4) with extension rings of a total length of 25 mm was used to observe primary breakup of liquid in the near-nozzle area.
Droplet sizes were measured 100 mm downstream of the discharge orifice using a Malvern Spraytec laser diffraction system working on frequency 500 Hz [7] . This is an Open Access article distributed under the terms of the Creative Commons Attribution License 4.0, which permits distribution, and reproduction in any medium, provided the original work is properly cited.
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Atomizers
Investigated atomizers ( Figure 1 .) have different internal geometry, which leads to the different internal flows for the same working regimes and consequently to the different spray characteristics such as the primary breakup Weber number or droplet sizes.
Figure 1. Schematic drawings of investigated atomizers
The mixing chamber of our Y-jet atomizer ( Figure 1a ) was designed according to the recommendations of Mullinger [8] , and its cross-section diameter is 1 mm. The working liquid is injected under the angle 52 0 to the atomizer axis through a liquid injection port of diameter 0.4 mm. The air is injected in the axial direction from the top of the mixing chamber.
The mixing chamber of the OIL effervescent atomizer ( Figure. 1b.) has a cylindrical shape with cross-section diameter of 9 mm. The internal two-phase flow is created by radial injection of the working liquid into the axial gas stream through 20 injectors with diameter 1 mm. The two-phase mixture is discharged through the orifice of diameter 0.7 mm.
The hydraulic resistance of internal design was judged by comparison of liquid flow-rates for corresponding ǻp and GLR. The influence of atomizers design on the internal two-phase flow was also investigated. The internal flow pattern was determined using liquid-to-gas momentum ratio (ĭ = m l 2 ·d l 2 ·ȡ g ·sinĬ / (m g 2 ·d g 2 ·ȡ l ), originally used by Song for Y-jet nozzles [10] . The meaning of symbols in equation for ĭ is the mass flux per surface unit, density, port diameter, and intersecting angle for "m", "ȡ", "d" and "ĭ". The indes "l " and " g " denote the liquid or gas phases. The Weber number (We = ȡ·w 2 ·D / ı, "w" denotes the liquid-to-gas velocity difference, where "D" stands for the ligament diameter) of observed near-nozzle flows were calculated and used for comparison of primary breakup regimes of the atomizers. Finally, the spray quality was related to the measured Sauter mean diameter of the droplets.
Results
In this section, we provide a comparison of atomizers based on the four characteristics: liquid flow-rate (for the same working regimes), internal flows, Weber number of liquid breakup and droplet sizes.
Internal flow: liquid flow-rates and flow pattern
The atomizers were designed to work with the same liquid flow-rates at identical working regimes, but the measured data (Figure 2.) show that the real mass flows were significantly lower for the Y-jet atomizer. This difference wasmore significant for lower ǻp and GLR < 10% for the more viscous liquid. Considering the dimensions of atomizers mixing chambers, the maximum mixture velocity, calculated from maximum measured mass flows, reached 40 m/s for the Y jet atomizer, while it reached only 0.6 m/s for the OIL atomizer. The friction pressure loss was therefore dominant in the case of the Yjet atomizer. On the other hand, the local pressure loss was significant at the discharge orifice of the OIL atomizer. It was caused by the narrow cross-section reduction (from 9 mm to 0.7 mm) while it was less significant for the Y-jet atomizer. We thus presume that the mass flow difference of the atomizers was caused by the above-described relevance of local (viscosity independent) and friction (viscosity dependent, [9] ) pressure losses.
Figure 2. Measured mass flows of liquid
The design of the mixing chamber also influenced the internal flow pattern. Because the mixing principle for both the atomizers was the same -injection of liquid into the gas stream -we could estimate the internal flow patterns by the parameter ĭ [10] . Figures 3 and 4 show, that the internal flow patterns were different for the corresponding working regimes. The main difference between the atomizers was that the internal flow of the OIL atomizer was annular amongst all measured regimes.
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The gas velocity in the mixing chamber of the OIL atomizer was low, sothe annular liquid flow was not accelerated intensively, but the flow pattern was stable which led to the production of stable spray [7] . In the Yjet atomizer the liquid could reach the central portion of the mixing chamber. As a result, it was intensively accelerated by the surrounding high-velocity gas. The gas-to-liquid interaction also caused the flow instabilities as referred by Song [10] and decreased the spray stability [7] . 
External flow: liquid breakup and droplet sizes
The liquid discharge of the Y-jet atomizer was characterized by low We ( Figure 5 ). The liquid acceleration in the mixing chamber decreased the liquidto-gas velocity slip in the discharge area. Therefore, ı became the dominant force of the droplet deformation, which caused a number of spherical droplets observed in the near-nozzle flow of the Y-jet atomizer [7] . The We observed for the OIL atomizer were considerably larger regardless to the working regime or liquid viscosity. In this case, the air drag force deformed the liquid into fibers and potentially disrupted the large liquid structures [7] . The liquid structures, observed in the near-nozzle region, were further fragmented and their size was reduced until they reached the stable spherical shape as the effect of surface tension. These droplets were observed in the distance 100 mm from the discharge orifice and their size were measured by the laser diffraction system. As shown in Figure 6 , the general trend for both the atomizers shows a decrease of ID32 with increasing GLR, which accords to the number of previous works [11, 12, 13] . The Y-jet atomizer produced spray with ID32 < 50 ȝm for GLR = 10 and 20% for both the liquids, which can be considered as good quality for such viscous liquids. The ID32 rapidly increased up to 270 ȝm with GLR reduction to 5 and 2.5% respectively. The OIL atomizer produced spray with smaller droplets for low GLRs. The ID32 rose up at lower GLRs, but the increase was not as rapid as in previous case. This atomizer also showed higher sensitivity to liquid viscosity, especially for low GLRs.
Conclusions
We studied flow and spray characteristics of a Y-jet atomizer in comparison with OIL effervescent atomizer. Our tests demonstrate a reduction of liquid flow-rate for the Y-jet atomizer for the corresponding working regimes as the result of the atomizer mixing chamber design. The slow mixture motion in the OIL atomizer mixing chamber and its rapid acceleration in the discharge orifice produced a local (nearly viscosity) pressure loss. The pressure loss of the Y-jet atomizer was produced mainly by liquid internal friction, due to the high velocity of the internal flow.
The geometry of the mixing chamber also influenced the internal flow pattern of the atomizers. We estimated and compared internal two-phase flow types of investigated atomizers and we found that the internal flow of the OIL atomizer was annular for all measured regimes, while three types of internal flow patterns were identified for the Y-jet atomizer over the range of tested working regimes. The main influence of the internal flow regime on the atomizer performance can be found in the spray stability as published in our previous works.
The internal flow also influenced the near-nozzle flow and primary breakup of the liquid. The liquid discharge of the Y-jet atomizer was characterized by the low We, which was caused by the liquid acceleration in the mixing chamber. The We observed for the OIL atomizer were considerably larger for all of the measured cases.
Different conditions of the near-nozzle flow affected the droplet sizes of the final spray. The Y-jet atomizer produced considerably larger droplets as the result of the low effect of the air drag force in the near-nozzle region. The OIL atomizer, characterized by larger We number of the primary breakup, produced smaller droplets, especially for the low GLRs
Considering the previous analysis, we can state that the OIL atomizer provided better results for all investigated working regimes. It reached higher flowrates at corresponding ǻp and it also produced smaller droplets even for low GLRs. Thus, it fulfilled the task to atomize viscous liquids more effectively than the investigated Y-jet atomizer (for given range of liquid viscosities and working regimes).
